The effects of contamination and cleaning methods on bonding of self-adhesive resin cement to zirconia ceramics were examined. Airborne particle-abraded zirconia (Zpex Smile) specimens were divided into the following four groups: control (con), contaminated with saliva and cleaned with tap water (HS), cleaned with Ivoclean (IC), and cleaned with Multi Etchant (ME). The pretreated specimens were bonded using three self-adhesive resin cements, and tensile bond strengths were measured using a universal testing machine at a crosshead speed of 2 mm/min. Con and IC groups showed significantly higher bond strength than those of HS and ME groups. Separately, the surface chemical composition of the groups was determined using X-ray photoelectron spectroscopy (XPS). XPS revealed that the N/Zr ratio increased in the HS group but decreased in the IC and ME groups. Cleaning agents can improve the adverse effect of saliva contamination on zirconia, but this effect varies depending on the product.
INTRODUCTION
CAD/CAM technology and all-ceramic systems have become integral elements of modern dentistry and laboratory technology 1) . Superior physical properties, biocompatibility, and esthetics have made zirconium oxide ceramics (zirconia) a popular high-strength ceramic coping and framework material 2) . The inherent strength of zirconia enables a large variety of clinical applications, including full-coverage crowns, resinbonded and conventional fixed partial dentures, implant abutments, endodontic posts, and long-term implantsupported frameworks and bars 2, 3) . Yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) alone is not used as a restorative material due to its opacity 4) . Overcoming the inferior translucency of Y-TZP and increasing the amount of Y 2O3 for enabling the tetragonal form to exist at room temperature after sintering resulted in higher translucency, which has been categorized as yttria partially stabilized zirconia (Y-PSZ). Y-PSZ enabled the use of all zirconia posterior crowns, with its exponentially increased use in clinical settings 5) . In terms of bonding, 10-methacryloyloxydecyl dihydrogen phosphate (MDP) has been recommended for improving resin-zirconia adhesion 6) . In recent years, many types of self-adhesive cement have been developed. Self-adhesive cement contains a phosphate functional monomer, such as MDP, and guarantees union to the dental structure even without previous treatment, while its monomeric composition also seems to react with available oxides, thus promoting some chemical adhesion in addition to mechanical interlocking 7, 8) . In clinical settings, salivary or blood contamination during the tryin of the restoration can weaken the bond strength to resin cement 9, 10) . Conventionally, phosphoric acid cleaning is one of the frequently adapted techniques for intraorally cleaning ceramic restoration surfaces after try-in due to its effectiveness in removing saliva contaminants present on silica-based ceramics 11) . Yang et al. 9) also suggested that applying phosphoric acid to the surface of the zirconia ceramic restoration leaves phosphorous residues that impair the bond strength to resin cement. Furthermore, they 9, 10, 12) suggested that the use of air abrasion or zirconium-based cleaning agents is effective for removing contaminants. Nowadays, new cleaning agents for zirconia have been developed. X-ray photoelectron spectroscopy (XPS) is the method that irradiates X-rays on the surface of a sample and measures the kinetic energy of photoelectrons emitted from the sample surface to measure the composition of the elements constituting the sample surface. There are reports 9, 13) on the cleaning effect using XPS for existing cleaning materials, however, details regarding bonding effectiveness, surface analysis, and detailed comparison with existing cleaning materials after human saliva contamination remain unclear. Therefore, this laboratory study aimed to evaluate the effect of cleaning agents and saliva contamination on the bonding performance of zirconia ceramics using three different self-adhesive resin cements. The following null hypotheses were tested: (1) salivary contamination does not have an inhibitory effect on the reaction of the phosphoric functional monomer in self-adhesive resin cement, and
The effect of different cleaning agents on saliva contamination for bonding performance of zirconia ceramics (2) all cleaning agents remove salivary contaminants present on zirconia ceramics.
MATERIALS AND METHODS
The materials used in this study are listed in Table 1 .
Experiment 1: Tensile bond strength test
A total of 120 completely sintered disk-shaped specimens (Zpex Smile, TOSOH, Tokyo, Japan) with a thickness of 5 mm and diameter of 12 mm were used. Disk bonding surfaces were polished with 600-grit silicon carbide paper under running water. Before cementation, Y-PSZ blocks were blasted using a blasting machine (Basic master, Renfert, Hilzingen, Germany) with 0.2 MPa using 50 µm of Al 2O3 for 20 s at an operating distance of 10 mm. All specimens were ultrasonically cleaned in deionized water for 5 min and in 99% ethanol for 2 min. The cleaned samples were randomly divided into the following four groups (n=30) based on pretreatment: (1) 
Tensile bond strengths were measured using a universal testing machine (Autograph AGS-J, Shimadzu, Kyoto, Japan) at a crosshead speed of 2 mm/min. Failure mode was examined under an optical microscope (OCS 912042, Olympus, Tokyo, Japan) at a magnification of ×8 and classified as either adhesive failure between ceramics and resin cements or mixed failure, including cohesive failure within resin cements.
Bond strength data were statistically analyzed using two-way analysis of variance (ANOVA) with a post hoc t-test using Bonferroni correction at 95% confidence interval. Fig. 1 Schematic illustration of the methodology of specimen preparation for tensile bond strength testing. Fig. 2 Schematic illustration of the methodology of specimen preparation for surface analysis.
Experiment 2: Surface analysis
The surfaces of the Y-PSZ disks were polished with 600-grit silicon carbide papers under running water. All specimens were ultrasonically cleaned in deionized water for 5 min and in 99% ethanol for 2 min. The cleaned specimens were divided into the following groups: (1) control group (con), no pretreatment; (2) HS group, samples immersed in human saliva collected from one healthy male donor who had refrained from eating and drinking 1.5 h before the collection procedure for 10 min, rinsed with water for 20 s, and air dried for 10 s; (3) IC group, samples treated with Ivoclean for 20 s, rinsed with water for 20 s, and air dried for 10 s after immersing in human saliva; and (4) ME group, samples treated with Multi Etchant for 30 s, rinsed with water for 20 s, and air dried for 10 s after immersing in human saliva (Fig. 2) . XPS was used to analyze the surfaces of the Y-PSZ samples. XPS (JPC-9010MC, JEOL, Tokyo, Japan) analyses were performed using Mg Kα X-ray source under the following conditions: operating pressure, 10
Pa; emission current, 10 mA; and accelerating voltage, 10 kV. Wide and narrow scans were measured at pass energies of 100 and 20 eV, respectively. Narrow scans of zirconium (Zr 3p), phosphorus (P 2p), and nitrogen (N 1s) were analyzed. Quantitative data were obtained from peak areas, and chemical states were identified from detailed measurements of the peak positions and separations.
RESULTS

Experiment 1: Tensile bond strength test
Initial bond strength test results in the pretreatment and cement groups are summarized in Table 2 .
The highest bond strengths were obtained in the con group with all cements, and no significant difference was found among the cements. However, all cements Failure mode is distributed in all groups (adhesive failure/cohesive failure). Same large superscript letters indicate no significant differences among the horizontal columns (p>0.05). Same small superscript letters indicate no significant differences among the vertical columns (p>0.05). in the HS group showed a significant reduction in bond strength. In the IC group, the bond strength was significantly recovered for all cements, and the value was equivalent to that for the con group. However, the bond strength was significantly recovered in the ME group compared with the HS group only using SPCP. There were no significant differences between the HS and ME groups in SACP and RXU2. Cohesive and mixed failures were observed in all the control and IC groups. In the HS and ME groups, all specimens demonstrated adhesive failure regardless of the type of cement.
Experiment 2: Surface analysis
The typical wide-scan spectra with XPS analysis are shown in Fig. 3 . Clear N and Zr peaks could be identified by XPS analysis. The peak intensity ratios of P/Zr and N/Zr are shown in Table 3 . After HS contamination, P/ Zr and N/Zr ratios increased compared with those in the con group. The N/Zr ratio drastically decreased with IC and ME cleaning after HS contamination. The IC group had a lower N/Zr ratio than that of the ME group, but was comparable to that of the con group.
DISCUSSION
MDP, a phosphate functional monomer, was initially developed for use as the main component of self-etching primer because it is stable on the tooth surface for a long period due to a high chemical interaction between the two. Many reports have indicated the high performance of MDP-containing adhesives to tooth substrate 14, 15) , which are effective as surface treatment agents for zirconia 16) . The phosphate group, which is an adhesive functional group, binds to the hydroxyl group on the surface of zirconia oxide and is chemically adsorbed 17) . It is used in most commercially available surface treatment agents for zirconia. Self-adhesive cement has the ability to adhere to tooth, metal, and zirconia by including the phosphoric acid functional monomer.
In the con group, all self-adhesive cements (SACP, RXU2, and SPCP) showed high bond strength. In addition, all specimens exhibited cohesive failure in resin cement. In the HS group, the bond strength was significantly decreased, and adhesive failure was observed for all selfadhesive cements. However, RXU2 showed higher bond strength than those of other two cements; it may be due to the different content of functional monomer in RXU2, which is a phosphate functional monomer but different from MDP 18) . XPS analysis revealed higher N/Zr ratios in the HS group than in the con group. Therefore, saliva contamination adsorbed on the zirconia surface may have inhibited the adhesive performance of the selfadhesive cement, thus rejecting null hypothesis (1) .
Zirconia has strong adsorption potential to phosphorus. Since the phosphoprotein in saliva is strongly adsorbed on the surface of zirconia, contamination of saliva could not be removed by washing with water. Therefore, cleaning with IC or additional sandblasting is recommended 10, 12, 16) . IC contains zirconia particles. When the zirconia particles are brought into contact with contaminated zirconia surface, phosphoprotein adsorbs to zirconia particles side having a large surface area and it might be cleaning zirconia surface 19) . The bond strength in the IC group was significantly recovered compared with that in the HS group, and the strength was equivalent to that in the con group for all cements, which is similar to previous reports 10, 12, 19) . Even in the comparison of failure mode, cohesive failure was observed for all cements. ME contains phosphorus-containing monomer called methacryloyloxy-tetraethylene-glycoldihydrogen phosphate (MTEP). Feitosa et al. [20] [21] [22] reported the behavior of MTEP with tooth and glass ceramics. However, there are no reports regarding pretreatment for zirconia ceramics. If the adsorption potential of MTEP to zirconia is higher than that of phosphoprotein, the cleaning effect on the zirconia surface could be expected. In the ME group, the bond strength was significantly increased compared with that in the HS group using SPCP. However, there was no significant difference in the other two cements, with all cements showing adhesive failure.
According to XPS analysis, Zr peak was derived from zirconia substrate, which is common for all specimens. P was derived from both the attached phosphate monomer and salivary proteins, whereas N was only derived from salivary proteins. Therefore, N and P peak intensities normalized by the Zr peak intensity provided semiquantitative data regarding the monomer and salivary protein attachment on the zirconia surface. The P/Zr ratio was high in the HS group and low in the IC and ME groups, although it was slightly higher in the ME group than in the IC group. The P/Zr ratio increased in the HS group due to the adsorption of phosphoprotein in saliva to the zirconia surface. It is unclear whether the higher P/Zr ratio recorded in the ME group than in the IC group was due to phosphoprotein in saliva or agent monomer.
The N/Zr ratio was high in the HS group, but it decreased in the IC and ME groups, although the ratio in the ME group was approximately twice as high as that in the IC group. From the above results, the adsorption potential of MTEP to zirconia might be lower than that of phosphoprotein. Thus, ME contains MTEP may have a lower ability to remove saliva contamination than that of IC, due to which the bond strength did not recover; thus, null hypothesis (2) was rejected.
This study only compared initial bond strength. Because zirconia particles remain on the surface of zirconia after IC cleaning 23) , it is necessary to further study long-term bonding durability in the future.
CONCLUSION
HS contamination could affect the chemical interactions between phosphate functional monomers in self-adhesive resin cements and zirconia ceramics. In addition, cleaning agents can improve the adverse effect of saliva contamination on zirconia, but this effect varies depending on the product.
